This work presents the community composition, abundance and seasonal dominance of phytoplankton taxa in three hydrochemically different, mid-forest humic lakes. The largest number of taxa was observed in the oligohumic lake (76), with smaller numbers seen in the mesohumic (42) and polyhumic lakes (37), which were characterized by higher contents of dissolved humic substances carbon (DHSC). Along an increasing gradient of DHSC in a pool of dissolved organic carbon (DOC) the autotrophic algae were seen to disappear, being replaced by taxa with features of facultative heterotrophs and flagellated algae that are able to move in the water column. 
INTRODUCTION
The Drawieński National Park (DNP) occupies a central part of a forest complex, the Drawska Primeval Forest (total area ca. 1000 km 2 ), in the Pomeranian Lakeland region of north-western Poland. The DNP contains lakes of various trophic type, among them humic lakes. Humic lakes are characterized by a strong influence of dissolved humic substances (DHS) which migrate in large amounts from the surrounding peat bogs and forests (Joniak and Kraska 1999) . Humic substances are a mixture of colloidal colouring compounds that change the physico-chemical properties of water. Special features of humic lakes include: low irradiation and dominance in the red part of the light spectrum, low pH, low alkalinity, low conductivity, low concentrations of free inorganic nutrients (P, N, Ca, Mg, Fe), high water colour (Górniak 1996) and high quantities of dissolved humic substances carbon (DHSC) in a pool of dissolved organic carbon (DOC) (Joniak 2005) . In humic lakes considerable quantities of macro-and microelements form complexes with DHS, impeding their bioavailability (Jones 1992) .
Fluctuations in environmental conditions result in large qualitative and quantitative changes in phytoplankton communities (Arvola et al. 1990 ). With increasing DHS concentrations primary productivity and biodiversity of phytoplankton drop, but the biomass of bacterioplankton increases (Holopainen 1992 , Piotrowicz et al. 2002 .
Numerous studies have examined the composition and dynamics of phytoplankton communities in humic lakes and their relationships with abiotic factors (for example Arvola et al. 1996 , Jannson et al. 1996 , Górniak et al. 1999 . However, only a few have been base on research that lasted more than a year (Keskitalo et al. 1998 , Hehmann et al. 2001 , Drakare et al. 2002 . This paper presents the results of a four-year study (1999) (2000) (2001) (2002) on the qualitative and quantitative variations of phytoplankton communities in humic lakes, with particular emphasis on seasonal variability and cycles of dominance.
MATERIAL AND METHODS
The subjects of the investigation were three postglacial mid-forest lakes: the oligohumic Piaseczno Małe (PML), mesohumic Głodne IV (GL IV) and polyhumic Głodne III (GL III), which lie in the area of the DNP in north-west Poland. The lakes have small areas and similar maximum depths (up to about 8.5 m, see Table 1 for details). The Głodne Lakes are surrounded by a ring of ombrotrophic peat bogs comprising Oxycocco-Sphagnetea, the predominant species being Sphagnum magellanicum and S. rubellum, and the less common S. fuscum. Around PML there extends a narrow strand of peat moss and a near transitional minerotrophic moor is situated under its northern bank (Joniak 2005) .
The qualitative and quantitative composition of phytoplankton communities were investigated from spring 1999 to autumn 2002, at roughly 3-month intervals. Samples were collected from every thermal layer at the deepest point of the lake using a 5 l water sampler, and were preserved in acid Lugol's solution (2-3 drops on 100 ml). The qualitative and quantitative analyses were carried out using an inverted microscope (Zeiss Telaval 31), with a total of 58 samples being analysed. All organisms >2 µm were recorded, with counts being normalised to number per ml -1 volume. The dominant taxa was designated as anything that comprised >50% of the total, and co-dominant taxa were those comprising 10-50%. Weighed mean was calculated based on the volume of thermal water layers.
Physico-chemical characteristics of the samples were also recorded at 1 m intervals throughout the water column, with Secchi disc visibility (SDV), temperature, pH, oxygen saturation and conductivity measured. Forms of phosphorus and nitrogen, calcium, iron, colour and dissolved organic carbon were analysed in the laboratory (Hermanowicz et al. 1999) . Chlorophyll a was determined with ethanol according to Nusch (1984) and bacteriochlorophyll d+e according to Overmann and Tilzer (1989) . The concentration of dissolved humic substances was calculated (as mg l -1 C) using the fractioning in alkaline solution method (Górniak 1996) . The humic status of the lakes was determined with the help of water colour, SDV and absorbency coefficient A 530 /A 630 (after Eloranta 1999).
RESULTS
The physico-chemical properties of the water: colour, SDV, absorbency coefficient A 530 /A 630 and DOC concentration suggested that the most advanced stage of humification processes was in GL III, while GL IV and PML were less transformed. This is particularly evident in the case of the main characteristic of humic waters, the proportion of DHSC in the total pool of DOC (Table 1 ). The three lakes were characterized by low levels of bioavailability of mineral substances (conductivity <100 µS cm -1 and low levels of total phosphorus, nitrogen, calcium and iron among others). In both Głodne Lakes the pH was acid, whilst in PML it was neutral or weakly alkaline. Oxygen saturation of the epilimnion waters, and sometimes the metalimnion, was very good (>80% O 2 ). In the hypolimnion oxygen was deficient most of the year, although the bottom layer was briefly better saturated in spring and autumn (40-60% O 2 ). A feature of all three lakes was a reduction in the thickness of the oxic epilimnion concurrent with an increase in DHS concentrations (the layer was 4-5 m thick in the oligohumic PML, 3 m in the mesohumic GL IV and 1 m in the polyhumic GL III).
The concentrations of photosynthetic pigments reveal that both the phytoplankton and bacterioplankton reached their highest levels of biomass in the summer. Maximal concentrations of chlorophyll a and bacteriochlorophyll d+e were recorded below the euphotic zone, in waters with considerably depleted oxygen and containing H 2 S. The average yearly concentration of chlorophyll a ranged from 117.2 µg l -1 (n=209) in the mesohumic GL IV, to 176.7 µg l -1 (n=206) in the polyhumic GL III, and 260.5 µg l -1 (n=155) in the oligohumic PML. In all lakes the maximal concentrations were generally observed below the euphotic zone (in GL III at 2-3 m deep, in GJ IV at the 5-6 m, and in PML near at the bottom). In water layers with higher chlorophyll a concentrations bacteriochlorophyll d+e was also higher. Bacteriochlorophyll concentrations were high in all lakes, maximally being 212.0 µg l -1 in GL III, 151.8 µg l -1 in GL IV and 371.1 µg l -1 in PML. A total of 106 taxa of phytoplankton were identified. The largest number of taxa was observed in the oligohumic lake (PML), with smaller numbers seen in the meso-(GL IV) and polyhumic (GL III) lakes (Table 2) . These taxa fall into 10 phytoflora groups, of which most belong to the Chlorophyceae (32% of total taxa number) and the Conjugatophyceae (12%). Among other groups high numbers of taxa were recorded for Cryptophyceae, Bacillariophyceae and Cyanophyceae. GL III and PML had similar numbers of phytoplankton (weighed mean 4287 specimens ml -1 and 4010 specimens ml -1 respectively), whilst in the mesohumic lake GL IV over 20 times more algae were recorded (weighed mean 87725 specimens ml -1 ). In all three lakes a year-long dominance of one, or co-dominance of several, taxa was observed. For instance in GL III, 37 taxa of phytoplankton were recorded with the most numerous being Chlorophyceae, while Dinophyceae, with remaining groups represented much less often ( Table 2 ). The highest abundance of phytoplankton was recorded in spring, with a weighed mean of 6220 specimens ml -1 (24 taxa), and in winter, with 5960 specimens ml -1 (14 taxa), on average twice as high as in summer or autumn. A feature of the winter and spring communities was the dominance of a single taxon, in winter it was the green algae Scourfieldia cordiformis Takeda, and in spring the xanthophyte Chloridella cistiformis Pasch. (Fig. 1A) . By contrast in the summer the dominant Chloridella cistiformis was accompanied by a co-dominant Gonyostomum semen (Ehrb.) Diesing (Raphidophyceae), and in the autumn Chloridella cistiformis, green Chlamydomonas sp. and Cladophora fracta var. fracta (Roth) Kütz co-dominated.
In the mesohumic GL IV the Chlorophyceae (9 taxa) were the most numerous throughout the year, and made up more than 90% of all phytoplankton. Cryptophyceae, Chrysophyceae, Conjugatophyceae and Fig. 1 . Dominant and co-dominant phytoplankton taxa and their seasonal proportional share of total phytoplankton abundances in Głodne Lake III (A), Głodne Lake IV (B) and Piaseczno Małe Lake (C).
Euglenophyceae (Table 2) were represented in smaller numbers. The analyses of seasonal changes in population sizes showed that they reached maximal values in spring, with more than 212,000,000 specimens ml -1 (19 taxa). In the following seasons population sizes fell, reaching the lowest values of about 1000 specimens ml -1 in winter (11 taxa). The green alga Choricystis minor (Skuja) Fott was the dominant taxon in the GL IV from spring through autumn, while in winter the dominant Scourfieldia cordiformis was accompanied by a co-dominant Ochromonas sp. (Fig. 1B) .
The most numerous (as a proportion of the total number) of all of the 78 taxa of phytoplankton in the PML were also green algae, as was observed in the Głodne Lakes. Relative abundances of the second and third most numerous species (members of the Chrysophytes and Cryptophytes) were different however (Table 2 ). Yearly changes in the community structure of phytoplankton in PML were more dynamic than in the Głodne Lakes, and more taxa were recorded. In spring, when the highest numbers of specimens was observed (average of 7470 specimens ml -1 ), there were four co-dominant taxa, the green Sphaerocystis sp., Monoraphidium spp., cyanobacterium Gomphosphaeria lacustris Chodat and the chrysophyte Chromulina sp. (Fig.  1C) . In summer, as well as Sphaerocystis sp., Crucigenia spp. and the cryptophyte (Cryptomonas spp.) were recorded. Changes in the thermal conditions in autumn resulted in a transformation of dominance in the community structure, with a considerable corresponding drop in the number of organisms (average of 2360 specimens ml -1 ). The proportion of Sphaerocystis sp. clearly decreased, whilst other co-dominants (chrysophytes Synura sp. and Chromulina sp.) comprised about 10% of organism numbers. In winter, following a build up of stable thermal conditions in the water column, three taxa co-dominated; the chrysophyte Synura sp., cryptophytes Cryptomonas spp. and the green alga Didymocystis sp. (Fig. 1C) .
DISCUSSION
The functioning of humic lakes is dependent on the qualitative composition and quantity of inflow of organic substances, especially humic substances. The increase in the concentration of DHS in water leads to changes in the abiotic features of the environment, such as high water colour, decline in the thickness of the trophogenic zone, pH decrease and limitation of the bioavailability of biogenic compounds (Jones 1992 , Górniak 1996 , Joniak & Kraska 1999 . The process of lake humification causes significant changes in the formation of specific associations of hydrobionts. DHS have especially strong negative influences on phytoplankton as they chemically bind phosphates and other essential elements (including calcium and iron) into colloidal complexes, limiting their bioavailability. Along an increasing gradient of DHSC in a pool of DOC autotrophic algae disappear, and their place is taken by taxa with the features of facultative heterotrophs and by flagellated phytoplankton, which are able to move in the water column (Keskitalo et al. 1998 , Drakare et al. 2002 .
The migrating organisms are able to profit from the energy produced by solar radiation in the epilimnion and at the same time pick up the necessary nutrients which are accumulated in lower layers. Deposition of large amounts of dissolved organic mater in the bottom layer favours the development of bacterioplankton, especially of the anaerobic phototrophic sulphur bacteria of the genus Chlorobiaceae (Joniak 2005) . Reserves of energy chemically bound with DHS can be partly made available to autotrophic algae by organisms in the microbial loop (i.e. bacterioplankton and flagellated algae), this process playing a key role in the functioning of humic lake ecosystems (Arvola et al. 1996 , Joniak & Kraska 1999 .
The results presented here confirm an idea proposed by Burchardt et al. (1994) that in biological systems characterized by rhythmic seasonal changes, specific qualitative and quantitative phytoplankton compositions are maintained. In the case of the researched lakes, seasonal and annual repeatable sequences of dominant phytoplankton taxa can be observed.
In the polyhumic GL III four out of five dominant taxa were flagellates. It seems that their taxonomic diversity and increase in population are concomitant with the increase of concentration of water humus (e.g. Arvola et al. 1990) , which is also accompanied by a drop in the number of autotrophic algae. The most numerous of the flagellate algae in GL III was Chloridella cistiformis Pasch. (Xanthophyceae). This species is characteristic of acidic water with high humic substances content, the same being true for the mixotrophic flagellate Gonyostomum semen (Raphidophyceae), which was only observed in the summer (Keskitalo et al. 1998 ). In the autumn homothermy biodiversity increased, instead of one dominant taxon there were three co-dominant taxa, Chloridella cistiformis, the greens genus Chlamydomonas and Cladophora fracta var. fracta (Roth) Kütz.. Chlamydomonas sp. is commonly seen in humic and dystrophic lakes of Scandinavia (Salonen et al. 1992) but Cladophora fracta has not to date been reported as a co-dominant species. Cladophora fracta is a big, sessile periphyton alga which occurs in peat-bogs as well as in humic lakes in the final stage of overgrowing (Podbielkowski & Tomaszewicz 1996) . However as a result of the strong shadowing of the water in the polyhumic lake, this species could only prosper in the floating coat of moss bogs that is immersed in shallow water. Its apparently numerous presence in the pelagic was probably an outcome of disturbances in the thermal stratification and of water mixing caused by changes in weather conditions. This was also indicated by the presence of numerous pieces of Sphagnum on the surface of the lake.
A rise in DHS concentrations in lakes has been reported to cause a decrease in pH and in the biodiversity of phytoplankton (Holopainen 1992) , and which was observed in the researched lakes. A similar relationship was not seen in the algal numbers, where the population was more than 20 times lower in poly-(GL III) and oligohumic (PML) lakes than in the mesohumic lake (GL IV). One single species of nanoplanktonic green algae Choricystis minor Skuja (Fott.) was responsible for the abundant algae population in GL IV. This species belongs to the Chlorococcales and is characteristic of lakes with poor nutrient content, where, due to the surface to volume ratio, larger phytoplankton are unable to compete as effectively for food resources with smaller phytoplankton and bacteria (Jones 1992 ). Thanks to their small size they are better adapted to assimilate CO 2 and nutrients, and also to effectively assimilate the light which stimulates their growth (Szeląg-Wasielewska 1997) . Chlorococcales reveal a tendency towards heterotrophy, using dissolved organic compounds, which helps them to live in humic lakes with high concentrations of organic substances. Therefore these species appear in large quantities in humic lakes from early spring onwards (Hehmann et al. 2001) , when large amounts of organic substance flow into the lake with the snowmelt water from the basin area (Joniak 2005) . Another green algal flagellate Scourfieldia cordiformis Takeda, of the order Prasinophyceae, was dominant in winter, which is often the case at this time of the year in small mid-forest humic lakes (Salonen et al. 1992) .
The highest biodiversity of phytoplankton was observed in the oligohumic PML, which had the lowest content of DHS in the water, (Table 2) , although the number was similar to the values of GL III. The physicochemical properties of the lake water, especially the concentrations of calcium and nitrogen which were higher than in the Głodne Lakes, favoured growth of a number of cyanobacteria and diatoms. High biodiversity of phytoplankton suggests that, despite the increasingly unfavourable influences of the environment that result in an increase of DHS concentrations, and despite the diminishing share of mineral compounds and of inorganic carbon, the lake offered good conditions for development of organisms with a range of environmental demands. Paradoxically, the reason for this may be just the occurrence of dissolved humic substances, which deactivate cyanobacterial toxins in waters with a neutral or weakly alkaline pH (Górniak 1996) .
In PML 8 co-dominants with varying seasonal share in total algal numbers were observed (Fig. 1C) . Among the co-dominants 3 taxa were flagellates, whose numbers were maximal in autumn and winter. Cryptophytes (Cryptomonas spp.) and chrysophytes (Synura sp. and Chromulina sp.), which as phagotrophs prefer water abundant in dissolved organic matter, were also observed in abundances worthy of note (Arvola et al. 1996) . These results confirm that phytoplankton in mid-forest humic lakes in winter are dominated by flagellates. Among the co-dominants were also green members of the genera Crucigenia and Monoraphidium, which can in a mass occur (Eloranta 1995) .
In summary it is important to stress that in humic lakes, commonly perceived as being rather nutrient poor, specialized groups of phytoplankton can develop abundantly. In a sequence of lake types, from oligohumic, through mesohumic to polyhumic, which are characterized by increasing concentrations of dissolved humic substances (fulvic and humic acids), phytoplankton communities tend to increasingly eliminate large autotrophic algae, in their place numbers of heterotrophic nanoplanktonic algae, and phago-and mixotrophic flagellates increasing. In polyhumic waters communities tend to be characterized by low biodiversity, with dominance or co-dominance of flagellates. In lakes with lower DHS content the biodiversity of flagellate algae is higher, but their over proportional abundance within the phytoflora is lower.
